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Abstract

We propose BPClip, a less than $ 1 USD blood pressure monitor that leverages a plas-

tic clip with a spring-loaded mechanism to enable any smartphone with a flash LED and

a camera to measure blood pressure. Unlike prior approaches, our system measured systolic,

mean, and diastolic blood pressure using oscillometric measurements that avoid cumbersome

per-user calibrations and does not require specialized smartphone models with custom sensors.

Keywords: Blood Pressure, Smartphone, Low-Cost

1 Introduction1

Hypertension, defined as systolic blood pressure2

(SBP) of ≥ 130 mmHg and/or diastolic blood3

pressure (DBP) ≥ 80 mmHg [1], affects more than4

45% of adults in the US with prevalence increas-5

ing with age, and is the most common reason for6

medical office visits and the use of chronic pre-7

scription medications [2–4]. Hypertension remains8

the leading preventable cause of premature death9

and disability worldwide, killing almost eight mil-10

lion people every year, and is projected to increase11

by 60% to affect 1.6 billion adults worldwide by12

2025[5]. Hypertension, beyond elevating risks of13

cardiovascular diseases including stroke, heart dis-14

ease, chronic kidney disease, and end-stage kidney15

disease, has also been demonstrated to acceler-16

ate cognitive decline for middle-aged and older17

adults, with growing evidence that hypertension is18

associated with a higher risk of all-cause Mild Cog-19

nitive Impairment (MCI) and Non-Amnestic MCI.20

It is thought that hypertension may cause cogni-21

tive impairment through cerebrovascular diseases,22

such as atherosclerosis of cerebral blood vessels,23

and damage to the blood-brain barrier.24

While high-income countries have stable rates,25

hypertension prevalence rates are increasing in26

low- and middle-income countries (LMICs) due to27

the aging of the population and increases in expo-28

sure to lifestyle risk factors including unhealthy29

diets and lack of physical activity. Control of30

blood pressure (BP) in these countries continues31

to be poor, often less than 10%[5, 6]. Migrants32

from LMICs, especially refugees, are especially33

vulnerable to poor BP control due to many34
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post-migratory challenges such as navigating new35

healthcare systems, cultural and language barri-36

ers, and low socioeconomic status, which make37

them more likely to have undetected or uncon-38

trolled BP[7]. Furthermore, diagnosis in LMIC is39

often late in the disease, with a lack of early40

preventative care or proactive health care, as41

hypertension is largely asymptomatic for many42

years until complications such as advanced heart43

or kidney disease are present. There is growing44

research linking perceived stress, a common con-45

dition in refugees, to hypertension development46

and poor management [8]. Besides ethnicity-based47

hypertension disparities such as in the case of48

refugees, poor hypertension management during49

pregnancy in low-resource settings has been a50

driver of maternal mortality and preterm births51

due to pre-eclampsia in various LMICs [9]. Home52

BP monitoring for better BP control is proven53

to be a cost-effective and vital technique that54

addresses some of the barriers to accessing care[10]55

and diagnosing hypertension.56

Smartphone-based digital biomarkers leverage57

the ubiquity of smartphones to improve access and58

resources for preventative medicine practices far59

beyond typical clinical resources[11]. Based on the60

Pew Research Center, as of 2021, 97% of Amer-61

icans personally own a cell phone and 87% own62

a smartphone [12]. Also, the widespread adoption63

and acceptance of mobile phones in LMICs are64

on the rise at a rapid rate [13]. Leveraging smart-65

phones to measure BP can significantly reduce the66

burden for those without regular medical access67

to gain access to early screening and continued68

monitoring of hypertension on medication, reduc-69

ing associated cardiovascular and cognitive risks70

of chronically uncontrolled hypertension.71

In an effort to increase accessibility to this72

vital measurement, we introduce BPClip, an ultra-73

low cost universal smartphone attachment that74

enables smartphones to measure blood pressure.75

Our proposed system uses an oscillometric method76

to measure blood pressure, the same method77

utilized by typical automated blood pressure mon-78

itors. This is consistent with the proposal by79

the American Medical Association and Amer-80

ican Heart Association, which jointly released81

a statement supporting at-home blood pressure82

measurements for more reliable monitoring [14].83

Importantly, this statement asserts that at-home84

blood pressure measurements should maintain the85

same clinical methods of measuring blood pressure86

using oscillometric methods, barring approaches87

such as pulse transit time [15], pulse arrival88

time [16], or deep learning methods that use89

PPG and demographics [17, 18] to estimate90

blood pressure, some of which have previously91

been enabled using smartwatches and smartphone92

devices. Prior approaches that investigated the93

use of smartphones for oscillometric measurement94

have required specific smartphone models with a95

pressure-sensitive screen [19] or sensorized devices96

designed as a smartphone case [20].97

In comparison, our proposed solution lever-98

ages a plastic clip attachment that costs <$1USD99

that can fit on any smartphone with a flash light100

emitting diode (LED) and a camera that converts101

the smartphone into a device that can measure102

BP using oscillometry. At scale, we estimate the103

per unit cost to be about 10 cents, a price point104

orders of magnitude less expensive than any BP105

monitor. BPClip achieves this by creating a plas-106

tic, sensorless force transducer for the smartphone107

camera using only a spring and a lens-less opti-108

cal design, reminiscent of a pinhole camera. As109

the user presses down on the clip, which is placed110

over the smartphone flash LED and camera, the111

spring slowly increases the force applied to the dig-112

ital artery. The pinhole design projects an image113

onto the smartphone camera that grows bigger as114

the clip compresses. This projected image encodes115

two pieces of information. First, the size of the116

image encodes the applied pressure. Second, the117

brightness encodes the pulse amplitude through118

photoplethysmography. By capturing these two119

measures simultaneously using the camera, the120

smartphone can measure an oscillogram to calcu-121

late both systolic and diastolic BP.122

2 Results123

2.1 Concept124

Similar to traditional automated cuff-based BP125

monitors, our system utilizes oscillometry to mea-126

sure BP [21, 22]. As such, our approach does127

not require per-user calibration. The oscillomet-128

ric method calculates BP based on the change129

of blood volume oscillations per heartbeat as130

the external pressure changes around the artery.131

Therefore, to use the oscillometric method, a132
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Fig. 1 System Overview: Using finger oscillometry to calculate BP. (A) Cuff-based BP monitor (B) Example of an
oscillogram obtained from an automated cuff. SBP, MBP and DBP can be calculated from the shape of the envelope of the
oscillogram. (C) Using BPClip to measure BP. (D) Light emitted from the smartphone flash travels through the light guide
and illuminates the finger. The reflected light travels through the imaging path via a pinhole to reach the camera, forming
an image of a red circle. The pulse information is encoded by the brightness of the circle. The pressing force information is
encoded by the size of the circle. As the applied force increases, the circle diameter increases. (E) left: pulse and force data
extracted from the red circle. right: oscillogram reconstructed from the data on the left.

device needs to have three features: 1. the abil-133

ity to apply pressure on the artery; 2. the ability134

to sense how much pressure is applied to the135

artery; 3. the ability to measure blood volume136

changes as the applied pressure changes. Typi-137

cally, automated blood pressure monitors exert138

increasing external pressure on the artery while139

sensing the pressure and blood volume oscilla-140

tion with a pressure sensor. (Fig.1A) Fig.1B is an141

example of the data collected with a typical auto-142

mated cuff device. The shape of the envelope of143

the pulse graph makes an oscillogram and is used144

to calculate BP.145

In our smartphone clip-based system, BPClip,146

we leverage the hardware and computational147
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power that can be found on any modern smart-148

phone to measure BP with the oscillometric prin-149

ciple by mounting a 3D-printed attachment to150

the smartphone’s camera. To use BPClip, the151

user holds the phone horizontally with the left152

hand and pushes down on a spring-loaded clip153

with the right index finger. (Fig.1C) The user154

then adjusts the applied force of their finger to155

a series of varying magnitudes as prompted by a156

custom smartphone user interface. (Fig.1D) This157

applies pressure onto the digital artery, specifically158

the transverse palmar arch artery. Meanwhile, the159

smartphone flashlight LED illuminates the finger-160

tip by delivering light through a chrome-painted161

light guide. (Fig.1D) The reflected light travels162

back through the imaging path via a pinhole,163

projecting a circular image onto the camera that164

encodes (1) the pressure applied to the finger and165

(2) the volume of blood in the finger. (Fig.1D) The166

pressure applied to the finger is computed from167

the displacement of the spring-loaded attachment168

as it is compressed, which is reflected by the size of169

the circular pinhole projection on the smartphone170

camera image. (Fig.1D) At higher applied pres-171

sure, the pinhole is closer to the camera, creating172

a larger projection. The blood volume oscillation173

is detected by the brightness of the pinhole pro-174

jection. (Fig.1E) When the applied pressure is less175

than the SBP, the brightness of the pinhole pro-176

jection fluctuates with respect to the amount of177

blood through the digital artery, an effect called178

photoplethysmography (PPG). With more blood,179

more light is absorbed, resulting in low bright-180

ness and a darker projection, and with less blood,181

less light is absorbed, resulting in higher bright-182

ness and a brighter projection. As the applied183

pressure exceeds the SBP, the blood ceases to184

flow through the digital artery as the artery is185

occluded and stops the fluctuation of the pinhole186

projection. The smartphone application provides187

visual feedback guiding the user to hold their fin-188

ger at increasing increments of pre-defined discrete189

applied forces (Fig.3C), and extracts the pres-190

sure and pulse volume by tracking the size and191

brightness of the projection. (Supplement Video192

1)193

2.2 Prototype194

BPClip consists of a smartphone attachment and195

an Android application. The 3D-printed attach-196

ment consists of a base clip that attaches to the197

phone, a movable pressing platform that the fin-198

ger presses, and a compression spring sandwiched199

in the middle. (Fig.2)200

The pressing platform has two flanges that201

position the finger at the desired angle. On the202

flange, there is a notch that helps the user align203

their index finger with respect to the BPClip. On204

the pressing platform, a 1 cm diameter protru-205

sion is centered over the linear compression spring,206

which acts as a uniform platform for the finger to207

press on and apply even pressure.208

A light guide and an imaging path are designed209

to guide the light and minimize signal attenua-210

tion and noise from light leakage. (Fig.1D) The211

light guide incorporates a bend to direct the212

light into the protrusion. This bend accommo-213

dates different designs of phones with various214

camera-to-flashlight distances. In our prototype,215

we constructed the system to support a 1 cm dis-216

tance between the camera and the flash LED. To217

maximize light transfer from the flashlight to the218

finger, the inner surface of the light guide is coated219

with chrome paint. The imaging path is right next220

to the spring and directly under the 1 cm protru-221

sion. Finally, the use of the clip is supported by a222

custom smartphone application that extracts the223

PPG signal and applied finger force from the cam-224

era in real time. The user interface provides users225

with visual feedback on the magnitude of force to226

apply. (Fig.3C)227

The base clip is clamped onto the phone228

with a 3D-printed screw. A silicone pad is placed229

between the screw and the phone screen to ensure230

a non-slip interface. To ensure smooth and verti-231

cal displacement, two pairs of lubricated rods and232

tubes are used.233

2.3 Usage234

To use BPClip, the user holds the phone in land-235

scape mode with the left hand, with their right236

index finger resting on the protrusion and their237

right thumb resting on the base of the clip. To238

ensure that the camera can detect PPG signals239

from the transverse palmar arch artery via the240

pinhole, the user aligns the base of their finger-241

nail with a notch 2 mm away from the center242
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Fig. 2 Prototype Component Diagram: Details of the hardware prototype (A) Fully assembled BPClip and disassem-
bled components (B) BPClip mounted on a phone (C) X-ray view of assembled BPClip. Legend: a. notch to align finger b.
flange to constrain finger angle c. covers to ensure a flat pressing surface d. rod to ensure smooth pressing e. tube to ensure
smooth pressing f. spring g. o-rings to avoid light leakage h. clip base i. anti-slip pad j&k. clamp screw

of the clip, and aligns the length of the finger243

parallel to the long axis of the clip. (Fig.3A)244

To eliminate hydrostatic effects, the user holds245

the phone at heart level, with uncrossed legs,246

and maintains an upright posture throughout the247

measurement, similarly to standard protocols uti-248

lizing a cuff-based BP measurement (Fig.3B). The249

user increases the pressure applied to the clip250

incrementally as guided by the on-screen visual251

reference. (Fig.3C) At each increment, the user252

holds the force for 7 seconds, before moving to the253

next force increment. Data is only recorded dur-254

ing the last 5 seconds of the total 7 seconds to255

ensure data quality. The application automatically256

restarts the 7-second measurement if it detects257

user movement. After 20 levels, the data collection258

will automatically terminate. This incremental259

increase serves to subsample the blood pressure260

oscillogram using the 20 discrete applied forces as261

points of clean data. (Supplement Video 2)262

2.4 Cost263

A key aspect of our approach is the ultra-low264

cost nature of the design. Because the mecha-265

nism solely relies on a spring for force induction266
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Fig. 3 System Usability: Using BPClip (A) The base of
the right index fingernail is aligned with the notch. (B) The
user holds the phone and clip, with BPClip at heart level.
(C) The (user interface) UI layout of the app. Legend: a.
button to record force range adjustment b. real-time cam-
era image preview c. Force indicator, red line indicates the
current force, green line indicates the target force level d.
force range indicator. Red circle indicates the force is out of
range. Yellow circle indicates the force is within the range,
and the user needs to hold for 2 more seconds to start data
recording. Green circle indicates the data is currently being
recorded and a 5-second progress bar will show up e. real-
time pulse signal

and uses a lens-less optical design to pair with267

the smartphone, the clip only requires massively268

manufacturable mechanical parts. Currently, our269

proposed BPClip system costs under $1USD to270

produce. The cost consists of the spring ($0.03),271

the acrylic cover ($0.001), two O-rings ($0.04),272

the anti-slip pads ($0.03), the metal rod and tube273

($0.15) and the resin 3D printed material ($0.55),274

totaling $0.80. Even at low production, our pro-275

posed system is substantially less expensive than276

any commercial blood pressure monitor. With the277

majority of the cost from 3D printed plastic, this278

cost will be substantially lowered at scale with279

injection molding and bulk component costs.280

2.5 Accuracy281

The accuracy of BPClip is validated on data282

collected from 24 users with SBP ranging from 80-283

156 mmHg and DBP ranging from 57-97 mmHg.284

Figure 4 shows the correlation and Bland-Altman285

plots for the systolic, mean, and diastolic BP286

measurements. The systolic and diastolic refer-287

ence measurements were recorded using a stan-288

dard arm cuff device. The mean BP reference289

is calculated from the reference measurements290

as meanBP (MBP ) = 1/3 SBP + 2/3 DBP291

[23]. BPClip’s measurement achieved a mean292

absolute error (MAE) of 8.7±10.0, 8.4±10.3, and293

5.5±7.0 mmHg and bias of 1.72, 0.79, and 0.3294

mmHg for systolic, mean, and diastolic BP, respec-295

tively. Five subjects were excluded from analysis296

for the estimation accuracy analysis due to either297

poor perfusion which resulted in the inability of298

the system to acquire pulse data (N=4), or an299

atypically large difference between SBP and DBP300

of greater than 80 mmHg (N=1).301

2.6 Usability302

Because using BPClip requires the user’s active303

interaction, we analyzed how much time it takes304

for a user to complete one measurement. The time305

spent in each trial was calculated from metadata306

for each participant. The minimum possible time307

for a user to complete a measurement is approxi-308

mately 140 seconds for the measurement, given 7309

seconds per level for 20 levels if the user completes310

each level without repeating.311

On average, it took 251±127 seconds for the312

first trial and 212±45 seconds for the second313

trial. Because the right index finger is used for314

BPClip, we also recorded if the participant is315

left-handed or not. Among the recruited partic-316

ipants, 6 of them were left-handed, but none of317

them reported difficulty using BPClip. A t-test318

suggested that the difference in time to complete319

one measurement trial is not significant between320

left-handed users (N=8) and right-handed users321

(N=21). (p-value=0.85)322

3 Methods323

3.1 Study Design324

29 study participants were recruited from UC San325

Diego main campus and UC San Diego Medi-326

cal Center. (Details in Appendix A, B) (SBP:327

116.8±20.3mmHg, ≤ 110mmHg: N=12, 110 to328

130mmHg: N=10, ≥ 130mmHg: N=7; DBP: 73.5329

± 12.3mmHg, ≤ 70mmHg: N=12, 70 to 80mmHg:330

N=9, ≥ 80mmHg: N=8) Informed consent was331

obtained from all participants. All the methods332
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Fig. 4 Blood Pressure Estimation Accuracy: Accuracy of blood pressure estimation with Leave-Two-Out Validation
(12-fold cross-validation with N=24 subjects) shown in correlation and Bland-Altman plots. The dashed lines in correlation
plots represent the best-fit line, where the measured value equals the predicted value.

included in this study are approved by the Univer-333

sity of California, San Diego Institutional Review334

Board (IRB) (IRB Approval #804668), and all335

methods included in our study are in accordance336

with the relevant guidelines. After being recruited337

for the study, participants were asked to warm338

their hands with heat packs to promote blood flow339

to the fingertips. The participants then received340

instructions on how to use the device and per-341

formed a practice measurement using BPClip.342

During the practice measurement and all subse-343

quent measurements, the participant was posi-344

tioned in a seated position with their hand resting345

on a table surface at the level of their heart, such346

that both the left bicep and right index finger are347

at the level of the heart. The participants then per-348

formed 2 consecutive measurements with BPClip.349

Immediately before and after BPClip measure-350

ment, an automated blood pressure cuff device351

[Omron, model: BP7350] was used to measure352

BP on the left arm. The average of the two cuff353

measurements was used as the reference.354

3.2 Prototype: Hardware355

BPClip is designed with SolidWorks CAD soft-356

ware and printed with a resin 3D printer (Any-357

cubic Photon Mono X with Hard Tough Resin -358
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Black). The clip dimensions are 5.1x4.1x2.3 mm.359

The clip is clamped onto the smartphone (Pixel4,360

Google), with a 3D-printed screw. The clip con-361

sists of 3 main components: the base clip, the362

pressing platform, and the compression spring.363

The base clip is a 3D-printed clip-shaped364

piece that is mounted to the smartphone. It also365

includes a 3D-printed screw and nut which can366

tighten to help fix the clip in position. To ensure a367

firm and non-slip interface, a silicone pad is used368

to increase the friction between the clip and the369

phone screen. The bottom piece is flush with the370

camera and flashlight LED.371

The pressing platform is also 3D-printed and372

wraps around the bottom piece. It comes in con-373

tact with the user’s finger and is displaced as the374

user applies force to it. The contact area is a cir-375

cular protrusion with a diameter of 10 mm. To376

ensure an even surface for the finger contact area,377

clear acrylic pieces are placed over the openings378

of the illumination slot and pinhole. Two flanges379

are used to constrain the angle of the index fin-380

ger. Two notches are used to help users align their381

index finger with the pinhole.382

Interfacing the top and bottom is a compres-383

sion spring with a k-constant of 0.49 N/mm,384

placed in between the pressing platform and base385

clip. It renders the pressing platform the ability386

to move up and down, depending on the amount387

of force applied by the finger. The spring is pre-388

loaded with a force of 0.1 N. 6.7 mm more space389

is allowed for the spring to compress, rendering390

the potential range of force applied to the finger391

from 0.1 N to 3.3 N. With an area of a circle of392

10mm diameter, the pressure would range from393

9.5 mmHg to 315 mmHg. Because the prototype394

is constructed with 3D printing, surface finishes395

are not perfectly smooth compared to injection396

molded plastic parts. Two pairs of guiding rods397

and tubes, with lubricants applied, are added to398

the pressing platform and base clip respectively to399

allow for smooth uniform displacement.400

A light guide and an imaging path are designed401

to maximize the light transfer and minimize light402

leakage. The light guides direct the flash into the403

protrusion and into the finger. To maximize light404

transfer from the flash to the finger, chrome spray405

paint is applied to the inner surface of the light406

guide. A pinhole projects the light from the finger407

onto the camera via the imaging path. At the end408

of the light guide and imaging path, two O-Rings409

were respectively padded in between the bottom410

piece and the phone to reduce the external light411

influence.412

3.3 Prototype: Software413

We developed an Android smartphone application414

to be used with BPClip. The application has 3415

main features. First, it infers the applied finger416

force from the size of the pinhole reflected on the417

image captured by the camera. The pinhole is pro-418

jected to the camera sensor as a circle. For each419

frame, the area of the circles is calculated from420

the number of pixels with a value above 20 (the421

image is encoded with unsigned 8-bit integers). To422

account for different baseline values within the cir-423

cle due to different amounts of blood circulation,424

a histogram equalization operation was applied to425

the raw image before area calculation. The diam-426

eter of the circle is then calculated from the area427

of the circle. The force is plotted in real-time in428

the force plot UI. To avoid unnecessary confusion429

for the user, the force signal was processed with a430

low pass filter to remove the PPG artifact before431

being plotted.432

Second, the application can extract the PPG433

signal from the pixel values within the circle. For434

each frame, the average value of the pixels within435

the circle that have a value between 20 and 254436

is calculated to be the PPG signal. The PPG is437

plotted in real-time in the PPG plot UI.438

Third, the application has a UI that helps the439

user maintain the applied finger force at a specific440

level. This UI consists of a brightness adjust-441

ment feature and a feedback feature. Because the442

brightness depends on the amount of total blood443

circulation as well as the skin tone, the size of the444

circle projected onto the camera at each force level445

changes depending on the person. To adjust for446

this, a simple brightness adjustment is performed447

before each measurement. To perform an adjust-448

ment, at the beginning of a measurement round,449

the circle size when the user rests the finger on the450

clip with no force is recorded (Force Scale 0%), as451

well as the circle size when the clip is completely452

pressed down. (Force Scale 100%). By capturing453

the 0% and 100% circle sizes, the ensuing mea-454

surement can be performed in proportion. 20 force455

levels are then equally divided from 5% to 95%.456

During the trial, a green line representing the cur-457

rent target force level appears in the force plot. An458
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additional red indicator line showing the current459

force applied helps guide the user to adjust the460

applied force to meet the target force. While the461

applied finger force does not yet match the tar-462

get, the indicator line remains red. As soon as the463

force is in the range close to the target (±2%), the464

indicator turns yellow. The user is then expected465

to hold their finger in position to maintain a con-466

stant applied force. If the force stays within the467

range, after 2 seconds the indicator turns green468

from yellow, where the data is collected for 5 sec-469

onds. If the force goes out of the range (±2%)470

anytime when the indicator is yellow or green, the471

indicator changes back to red, and any data col-472

lected will be discarded. The data for the current473

force level then needs to be recollected.474

3.4 Data Preprocessing475

This section elaborates on the process of prepro-476

cessing raw data recorded on the smartphone. As477

thoroughly explained in the prototype hardware478

section, the camera images contain a pinhole pro-479

jection. The diameter of the pinhole projection480

corresponds to the force exerted on the finger. The481

pixel intensity fluctuations of the pinhole projec-482

tion correspond to blood flow through the palmar483

arch artery.484

For the data analysis, we only use data cap-485

tured during the 5-second intervals at the specified486

force levels from the smartphone application. For487

the applied force, this smartphone application488

ensures ±2% tolerance on each force level. At each489

of the 20 force levels, the 5 seconds of record-490

ing allows for approximately 3-7 complete pulses491

of blood flow, as measured by the pixel intensity492

of the pinhole projection. For each of these force493

levels, we applied a 0.5 to 10 Hz band pass filter494

and then averaged the peak-to-trough amplitude495

of all complete pulses using peak prominence. This496

results in one average peak prominence value for497

each of the 20 force levels. These 20 points make498

up the subsampled blood volume oscillogram used499

to calculate blood pressure.500

During the data preprocessing, we excluded501

participants for the following reasons:502

• The participant did not have sufficient perfusion503

to create a PPG signal with significant enough504

prominence values for interpretation. (N=4)505

• The participant had abnormal blood pressure506

with more than 80mmHg difference between507

the reference systolic and diastolic BP measure-508

ments. (N=1)509

This resulted in N=24 participants for the data510

analysis and validation steps of the study.511

3.5 Data Analysis512

This section describes our process of using pre-513

processed data to predict blood pressure. In esti-514

mating systolic and mean BP from the 20-point515

blood volume oscillogram, we exclude the lowest516

and highest force levels, because when at the low-517

est force, the finger can sometimes leave the clip,518

and at the highest force, the spring is fully com-519

pressed and the applied finger force may exceed520

the spring load. From the remaining 18 oscillo-521

gram points, we normalize the points between 1522

and 0. We use the 18 oscillogram points as the523

input into a Least Absolute Shrinkage and Selec-524

tion Operator (LASSO) Regression[24] to estimate525

systolic and mean BP. For estimating diastolic526

BP, we use a linear regression model, where the527

only input features are the predicted systolic and528

mean BP values. For all BP prediction validation529

results, we use a leave-two-out validation (12-fold530

cross-validation) with N=24 participants.531

3.6 Data Availability Statement532

The data that support the findings of this study533

are available from the corresponding author upon534

reasonable request.535

3.7 Code Availability Statement536

The code that supports the findings of this study537

is available from the corresponding author upon538

reasonable request.539

4 Discussion540

A key finding in our work is that there is no need541

to perform a per-user or per-device calibration.542

This is enabled by the simple top-bottom bright-543

ness adjustment that is included at the beginning544

of a measurement. By asking the user to hold545

the clip at the furthest compression and then546

once again at the closest compression, our sys-547

tem adjusts for the total brightness as reflected548

by a person’s finger. Thus, no matter the skin549

tone (where darker would absorb more light) or550
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with a dimmer flash (as not all phones have551

the same brightness), the brightness adjustment552

equalizes the proportional amplitude of the PPG553

accordingly.554

As with all optical-based pulse sensing sys-555

tems, skin tone needs to be considered. Although556

a formal skin tone study was not performed, our557

approach does not have a fundamental limitation558

due to skin tone beyond signal strength. Darker559

skin tones can absorb more light, thus leading560

to less total light reflected. However, unlike cal-561

culating oxygen saturation (SpO2), our method562

does not depend on the distribution of absorbed563

light at different wavelengths, but rather only564

depends on the total amplitude of the signal.565

Our current prototype addresses this sufficiently566

through chrome-painting the light guide from the567

flash, which channels a significant amount of light568

from the phone flash. Additionally, for darker skin569

tones, we can increase the sensitivity of the camera570

without compromising the sampling rate. Increas-571

ing the exposure time, however, is not a good572

solution because that would interfere with the573

sampling rate of the pulse signal.574

More importantly, our method requires ade-575

quate blood circulation in the finger to capture a576

strong pulse signal. To ensure an adequate amount577

of blood circulation in the finger, we provided a578

hand warmer for participants to warm their hands579

prior to measurement. Additionally, the partici-580

pants’ perfusion index (PI) was checked using a581

pulse oximeter [NuvoMed, A310] before the data582

collection. If the PI ≤ 1%, the participants con-583

tinue to warm their hands to raise the PI to above584

1%.585

A key contribution of our work is that the586

design of this ultra-low cost blood pressure moni-587

toring attachment is suitable for almost all smart-588

phones on the market. The studies presented in589

this paper were conducted using the Google Pixel590

4 smartphone, however, because BPClip only591

relies on the smartphone camera and flashlight,592

our approach is suitable for almost all phones.593

BPClip can be expanded to other smartphone594

models with minimal changes, as most phone595

models would only require changes in the dis-596

tance between the flashlight and the camera. Our597

current design already takes that into account598

and uses a bend in the light guide to bring the599

flashlight to the finger from various distances.600

A limitation of our system, compared to a fully601

automated cuff is that the user needs to have a602

reasonable level of finger dexterity to be able to603

use BPClip as the user needs to be able to hold604

the index finger steadily while exerting various605

amounts of force. Therefore, for some older adults606

with weakened grip and/or hand tremors, it can607

be difficult to use BPClip. However, we find that608

our middle-aged participants had no trouble using609

the device.610

5 Conclusion611

Health monitoring should be available to every-612

one, no matter their country of origin, their skin613

tone, their sex, and most of all, their income. In614

this paper, we propose a solution to democratize615

blood pressure (BP) monitoring by converting the616

billions of smartphone cameras, even the cheap-617

est ones, into BP monitors with an ultra-low-cost618

plastic clip that can be produced at-scale for619

mere cents. Our current prototype costs less than620

$1USD to manufacture at low quantities, but at621

scale, we expect that a blood pressure monitor will622

reach the cost of less than a US quarter. So cheap,623

in fact, our goal is that BP monitors should be624

provided to anyone who needs them, much like the625

way a pack of floss is given out at dentists or stress626

balls at fairs.627
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